Sixteen dogs were subjected to chronic coronary artery occlusion before the period of experimental observation using the following technique. After anesthesia with sodium pentobarbital, 25mg/Kg, i.v. and ventilation by a mechanical respirator, the chest was opened in the fourth left intercostal space and the heart exposed under sterile conditions. The proximal portion of the left circumflex coronary artery was dissected free and an ameroid constrictor of appropriate size was placed around the vessel as described previously.6) The chest was closed in layers and the dogs were allowed to recover. They were reoperated on 19-25 days later. All dogs were anesthetized with sodium pentobarbital, 30mg/Kg, i.v. and ventilated with room air and supplementary oxygen using a volume respirator to maintain arterial gas tensions within physiological ranges. A left thoracotomy was done in the fifth intercostal space and the heart was suspended in a pericardial cradle. The experimental preparation is shown in Fig. 1 . The proximal part of the circumflex artery (or the segment of the vessel distal to the ameroid constrictor in the chronic preparation) was isolated and encircled with silk threads. Immediately after ligation of the circumflex artery, its distal portion was cannulated and autoperfused from the left carotid artery through silicon elastomer tubing (2.8mm i.d.). The tube was ligated by a snare constrictor attached to a machinist's micrometer to create a calibrated focal constriction equivalent to an 80% reduction of the internal diameter. The accuracy of the degree of constriction was confirmed beforehand using paraffin casts. A polyethylene catheter was inserted into the aortic arch through a femoral artery for monitoring aortic blood pressure. A similar catheter was inserted into the left ventricular cavity through a stab wound in the apical dimple for measurement of left ventricular pressure. A distal branch of the circumflex coronary artery was cannulated with a third polyethylene tube to record peripheral coronary pressure. Aortic and coronary blood flow were measured with an electromagnetic flowmeter. During a brief occlusion of the proximal portion of the autoperfusion graft, retrograde pressure was recorded from the peripheral circumflex artery and retrograde flow was measured from the autoperfusion graft. These parameters were used as indices of the development of the coronary collateral vessels. All hemodynamic parameters were recorded using a direct writing recorder. After the sinus node was crushed, the right atrium was stimulated with a pacemaker. Usually, the heart rate was maintained at 100/min 
Systemic and coronary hemodynamic observations
All hemodynamic parameters are presented in Table I . At rest there were no differences in aortic blood pressure, aortic blood flow, and left ventricular end-diastolic pressure (LVEDP) among the 3 groups either with or without constriction of the circumflex coronary artery. Increasing the pacing rate did not induce any significant changes in aortic blood pressure or aortic flow. However, LVEDP was significantly elevated in all groups at a rate of 180/min. Pacing-induced tachycardia produced a significant increment in circumflex coronary blood flow in control dogs without constriction (r=0.9); however, no significant change was induced in any of the 3 groups following constriction. 3 duced no significant ST-elevation in electrograms from any recording site in the LAD and Cx areas (Fig. 3) . No abnormal Q waves were observed in the epicardial electrograms of any animal with implantation of ameroid constrictor. In dogs with moderate collaterals, there was no significant change in the ST-segment from the Cx area at pacing rates of up to 150/min. Pacing-induced tachycardia In dogs with abundant collaterals, there was no significant ST-segment change in any electrogram from the Cx or LAD areas during coronary constriction plus pacing-induced tachycardia (Figs. 7B and 8 ). Cardiac pacing is one effective technique for increasing myocardial oxygen consumption.7) In this experiment heart rate was regulated by atrial pacing at rates of 100, 120, 150, and 180/min without significant changes in aortic blood pressure and flow in any group. Only LVEDP was elevated slightly at a rate of 180/min. In the absence of coronary stenosis, increases of heart rate resulted in an increase in Cx coronary blood flow (r=0.9) while the ST-segment remained at resting levels. These data show that atrial pacing within a range of 100-180/min is a reliable method for increasing myocardial metabolic requirements without affecting systemic hemodynamics. When the circumflex coronary artery was stenosed to produce an 80% reduction of internal diameter in control dogs, coronary blood flow was reduced to 74% of the pre-constriction value in the resting state and was not increased by pacing-induced tachycardia. The ST-segment in electrograms from the Cx area was significantly elevated, showing subendocardial ischemia at a rate of 150/min and transmural ischemia at a rate of 180/min. This is partly due to augmentation of the oxygen demand by tachycardia, and an inability to augment blood supply through the stenotic coronary artery. A decrease in the diastolic period during which the subendocardial layer could be perfused might have been an additional factor. It is clear that under restricted coronary artery inflow in control dogs the blood supply to the affected myocardium via collaterals was insufficient to compensate for the augmented The dogs with developed collaterals produced by applying an ameroid constrictor around the circumflex coronary artery were divided into 2 groups by collateral indices. In dogs with moderate collaterals, pacing-induced tachycardia at a rate of 180/min under fixed stenosis of the coronary artery produced ST-elevation in electrograms from the inner and middle layers of the Cx area. In dogs with abundant collaterals, on the other hand, no significant ST-elevation was found in any electrograms recorded under the same conditions. Nor were there any significant changes in circumflex coronary inflow in dogs with moderate or abundant collaterals. These findings suggest that the blood supply through the developed collateral channels protects the myocardium from ischemic injury, which is in contrast to the results seen in the control dogs. In addition, the functional capacity of collateral vessels seems to be related to the extent of collateral vessel development. Therefore, blood flow available through developed coronary collaterals is capable of adequately perfusing the affected myocardium to meet the increased metabolic requirement caused by pacing-induced tachycardia under condition of limited coronary flow reserve.
Previous experimental studies demonstrated the beneficial effects of the coronary collaterals on regional blood flow,9) electrocardiographic ST-segment change,10) ventricular fibrillation threshold,11) regional myocardial contraction, 12),13) and survival rate after coronary ligation.14) However, most chronic experiments concerned with an ameroid constrictor were performed under conditions where the primary channel was completely closed by the constrictor as a model of myocardial infarction. 9)-14) When stenosis is applied to a primary artery, streams of blood through collaterals and primary channels conflict and influence each other. Whether obstruction of the primary channel is total or partial should affect the function of the collateral blood supply to the ischemic myocardium. This study was thus designed to define the preventive effects of collaterals on ischemic injury in an animal model with those physiologic features thought to be associated with angina pectoris. The results confirm the beneficial effects of collaterals in this condition. However, it might be difficult to apply these results to humans, since the collateral indices in man show poor development of collaterals in comparison with those in the dog.
